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AERONAUTIC SYMBOLS 
1. FUNDAMENTAL AND DERIVED UNITS 



w, 

9, 

m, 
I, 



S, 

Sio, 

G, 
h, 
c, 

S' 

V, 

g., 

L, 

D, 

D„ 

A, 

D„ 

C, 



Length 
Time__ 
Force.. 

Power _ 
Speed _. 



Symbol 



I 
t 

F 



P 
V 



Metric 



Unit 



meter 

second 

weight of 1 kilogram. 



Abbrevia- 
tion 



kg 



English 



Unit 



horsepower (metric) . 
fkilometers per hour. 
\meters per second. _ 



k.p.h. 
m.p.s. 



foot (or mile) 

second (or hour) __ 
weight of 1 pound 

horsepower 

miles per hour 

feet per second 



Abbrevia- 
tion 



ft. (or mi.) 
sec. (or hr.) 
lb. 



hp. 

m.p.h. 
f.p.s. 



gravity = 9.80665 



Weight = mg 

Standard acceleration of 
m/s^ or 32.1740 ft./sec.^ 

Mass = — 
9 

Moment of inertia = mX^^ (Indicate axis of 

radius of gyration k by proper subscript.) 
Coefficient of viscosity 



2. GENERAL SYMBOLS 

Kinematic viscosity 
p, Density (mass per unit volume) 



Standard density of dry air, 0.12497 kg-m~^-s^ at 
IS"" C. and 760 mm; or 0.002378 Ib.-ft.-^-sec.^ 

Specific weight of '^standard'' air, 1.2255 kg/m^ or 
0.07651 Ib./cu.ft. 



3. AERODYNAMIC SYMBOLS 



Area 

aVrea of wing 
Gap 
Span 
Chord 

Aspect ratio 

True air speed 



1 



Dynamic pressure = 2pl^^ 



L 



Lift, absolute coefficient Ci, 
Drag, absolute coefficient Co 
Profile drag, absolute coefficient Co, = 
Induced drag, absolute coefficient Cc, 



D 



Do 

qS 

Parasite drag, absolute coefiicient Cn 

C 

Cross-wind force, absolute coefficient (7(7 = 7, 



Cpj 



Kesultant force 



qS 



Angle of setting of wings (relative to thrust 
line) 

Angle of stabilizer setting (relative to thrust 
line) 

Resultant moment 
Resultant angular velocity 

Reynolds Number, where Hs a linear dimension 
(e.g., for a model airfoil 3 in. chord, 100 
m.p.h. normal pressure at 15° C, the cor- 
responding number is 234,000; or for a model 
of 10 cm chord, 40 m.p.s. the corresponding 
number is 274,000) 

Center-of-pressure coefficient (ratio of distance 
c.p. from leading edge to chord length) 

Angle of attack 

Angle of downwash 

Angle of attack, infinite aspect ratio 

Angle of attack, induced 

Angle of attack, absolute (measured from zero- 
lift position) 
Flight-path angle 
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CALCULATED AND MEASURED PRESSURE DISTRIBUTIONS OVER THE MIDSPAN 

SECTION OF THE N. A. C. A. 4412 AIRFOIL 

By Robert M. Pinkerton 



SUMMARY 

Pressures were simultaneously measured in the variable- 
density tunnel at dJf orifices distributed over the /nidsjjan 
section of a 5- by 30-inch rectangular model of the N. A. 
C. A. 44i^ airfoil at 17 angles of attack ranging from 
— 20° to 30° at a Reynolds Number of approximately 
SjOOOyOOO. Accurate data were thus obtained for study- 
ing the deviations of the results of potential -flow theory 
from measured results. The results of the aiialysis and 
a discussion of the experimental technique are presented. 

It is shown that theoretical calculations made either at 
the effective angle of attack or at a given actual lift do not 
accurately describe the observed pressure distribution over 
an airfoil section. There is therefore developed a modified 
theoretical calculation that agrees reasonably well with 
the measured results of the tests of the N. A. C. A. 4412 
section and that consists of making the calculations and 
evaluating the circulation by means of the experimentally 
obtained lift at the effective angle of attack; i. e.y the angle 
that the chord of the model makes with the direction of the 
How in the region of the sectioji under consideration. In 
the course of the computations the shape parameter e is 
modified f thus leading to a modified or an effective profile 
shajje that differs slightly from the specified shape. 

INTRODUCTION 

Pressure-distribution lueasurenieiits over an airfoil 
section provide, directly, the knowledge of the air-force 
distribution along the chord that is rec[uired for some 
purposes. In addition, such data, when compared with 
tiie results of potential-flow (nonviscous fluid) theory, 
provide a means of studying the effects of viscous forces 
on the flow about the airfoil section. 

The results of experimental pressure measurements 
for a few miscellaneous airfoils may be found in various 
publications. The general application of this method 
of obtaining design data, however, is hinited because of 
the expense of making such measurements. 

A method of calculating the pressure distribution is 
developed in references 1 and 2. This method, based 
on the ''ideal fluid" or potential-flow theory, gives the 



local velocities over the surface; the pressures are cal- 
culated by means of BernouUi's equation. Although 
this method provides an inexpensive means of obtain- 
ing the distribution of pressure, the results may not be 
in satisfactory agreement with measured results. Such 
disagreement, however, is not surprising since the 
theory does not account for the effects of the viscous 
boundary layer. 

A reasonably accurate method of calculating the 
pressure distribution over an airfoil section is desirable 
and might be obtained by two procedures. First, such 
a method might be found by the development of a com- 
plete theory. Such a theory, however, must take into 
account all the factors or phenomena involved and 
must give satisfactory agreement with actual measure- 
ment. A second procedure, the most feasible one at 
present, is the development of a rational method of 
correcting the application of the potential-flow theory 
to minunize the discrepancies between the theoretical 
and measured results. 

It was realized, however, that unusually reliable ex- 
perimental i)ressvu'e-distrihution data for comparison 
with calculations were not available. The experi- 
ments to obtain such data consisted of ])ressure 
measurements at a large number of |)oints around one 
section of an airfoil. Because the investigation was 
primarily intended to study deviations of the actual 
from the ideal, or potential, flow, the tests were mack^ in 
the variable-density tunnel over a range of values of tlu 
Reynolds Number, representing varying effects of 
viscosity. In addition, tests were made in the 24-inch 
high-speed tunnel at certain corresponding values of 
the Reynolds Number obtained by means of high speeds, 
thereby bringing out the effects of compressibility. 
Parts of this experimental investigation outside the 
scope of this report are still incomplete. 

The present report, which presents the most impor- 
tant of the experimental results (those corresponding to 
the highest value of the Reynolds Number), is divided 
into two parts. The first part comprises the descrip- 
tion and discussion of the experimental technique: 
Materials that are essential to establish the fact that the 
measured results are sufficiently accurate and reliable to 
meet the demands of the subsequent analysis. The 
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second part presents a comparison of theoretically cal- 
culated results \y]\]] luoasurod results and an analysis of 
the difl'erencc's and probable causes. A method is 
developed to modify the application of potential-flow 
theory in order to minimize discrepancies from the 
measured pressure distributions. 

EXPERIMENTAL PRESSURE DISTRIBUTION 

APPARATUS AND TESTS 

The experimental investigation described herein was 
made in the variable-density wind tunnel (reference 3). 
The model used was a standard duralumin airfoil having 



15 4^ 



52 23 



24 53 




near the test section. The remaining 54 tubes, used 
to measure the pressure at the orifices on the airfoil, 
were connected to the tubes leading to the airfoil model. 

A lighttight box mounted on the flat side of the 
semicircle contained drums for holding photostat paper 
and the necessary operating mechanism. The ma- 
nometer was arranged so that it could be operated 
from outside the tank that houses the tunnel. 

The manometer characteristics determined by trial 
included the time required for the ineniscuses to be- 
come steady and the proper exposure of the photostat 
paper. 

A record of the heights of the manometer fluid in the 
glass tubes w^as taken at each of 17 angles of attack 



Figure l.— Distribution of pressure orifices about the N. A. C. A. 4412 airfoil. 

the N. A. C. A. 4412 section and a rectangular plan 
form with a span of 30 inches and a chord of 5 inches. 
It was modified by replacing a midspan section 1 inch 
in length with a brass section in which the pressure 
orifices were located. The 54 orifices, each 0.008 inch 
in diameter, were drilled perpendicularly into the air- 
foil surface and placed in 2 row^s about the airfoil. The 
method and accuracy of construction of the model are 
described in reference 3. In order to evaluate the 
pressure force parallel to the chord, a relatively large 
number of orifices w^ere located at the nose of the airfoil 
(fig. 1); well-defined distributions of pressure along a 
normal to the chord were thus assured. The locations 
of the pressure orifices are included in table I. Bras? 
tubes were connected to the orifices and carried in 
grooves in the low^er surface of the airfoil to the planes 
of the supporting struts where they were brought out 
of the model. After the model w^as assembled, the 
grooves were covered with a plate carefully faired into 
the surface. The tubing extended through the tunnel 
wall into the dead-air space and the part exposed to the 
air stream together with the support struts was faired 
into a single unit (fig. 2) . The tubes were connected by 
rubber tubing to a photorecording multiple-tube manom- 
eter mounted in the dead-air space. 

Figure 3 shows the 60-tube manometer, composed of 
30-inch glass tubes arranged in a semicircle and con- 
nected at the lower ends to a common reservoir. The 
total-head pressure of the air stream was chosen as the 
reference pressm-e and w^as measured by a pitot head, 
mounted as shown in figure 2, to which four equally 
spaced manometer tubes were connected. The dynamic 
pressure of the air stream was determined by two 
tubes connected to the calibrated static-pressure orifices 
used in the normal operation of the tunnel. One tube 
was connected to a set of four orifices spaced around 
the inner w^all of the return passage and the other tube 
to a set of four orifices spaced aroimd the entrance cone 




Figure 2.— Pressure-distribution model mounted in the tunnel. 



from - 20° to 30° at a Reynolds Number of approxi- 
mately 3,000,000. 

In order to keep the results as accurate as possible, 
it was necessary to obtain large deflections of the ma- 
nometer liquids, which was accomplished by using two 
liquids of widely different specific gravities. 

Liquid: Specific gravity 

Mercury l^- ^ 

Tetrabromoethane 3. 0 

The proper choice of the angle-of-attack groups and of 
the liquid enabled the use of large and comparable 



PEESSXJEE DISTBIBUTIONS OVER THE MIDSPAN SECTION OF THE N. A. C. A. 4412 AIRFOIL 



3 



deflections throughout the angle-of-attack range. Re- 
peat tests, using the same and different manometer 
liquids, provided data on tlie precision of the tests. 

RESULTS 

A copy of a sample photostat record is shown in 
figure 4. The pressures in inches of manometer fluid 
were measured to 0.01 inch. All measurements were 
made from a reference line obtained by drawing a line 
connecting the meniscuses of the four reference tubes. 
The quantities thus obtained from the photostat records 
were: 

where // is the total-head pressure of the stream and 
p, the pressure at the airfoil orifice; and 

g= factor XA^;^ 

where q is the dynamic pressure and Aps is the difference 
in pressure between the static-pressure orifices in the 
entrance cone and those in the return passage. The 
factor was previously determined by comparing values 
of A^., with simultaneous values of the dynamic pres- 
sure obtained with a calibrated pitot-static tube 
mounted in the air stream in the absence of a model. 
Finally, the pressures on the airfoil were computed as 
ratios to the dynamic pressure, thereby making the 
results independent of manometer liquid. 

BernoulH's equation for the undisturbed stream 
becomes 



le 



where is the pressure and V the velocity. Tl 
pressure of the fluid at the wing orifice is given by 

p=H—hp 

Substitute for H from the previous equation and 
remember that ^pF^^^, the dynamic pressure, then 

Consider p^ as the datum pressure. The pressure 
coefficient then becomes 



where Ap and q are quantities obtained from the 
photostat records as previously described. Values of 
P at each orifice on the airfoil and for all angles of 
attack are tabulated in table I. 

Figure 5 (a, b, c) presents plots of P against orifice 
position along the chord and against position perpendic- 
ular to the chord for each angle of attack. Large-scale 
plots similar to those presented here were mechanically 
integrated to obtain the normal-force, the chord-force, 



and the pitching-moment coefficients, which are defined 
by the foUow^ing expressions: 

Cn=-^^ Pdx 
c.=^Jpdy 




Figure 3.— Photorecording multiple-tube manometer. 

where c is the chord, x is the orifice station along the 
chord, and ?/ is the orifice ordinate measured from the 
chord. The lower-case symbols Cc, c^^j^ designate 
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section characteristics and refer respectively to the 
normal-force, chord-force, and pitchin<r-moment co- 
edicients for the niidspan section of the airfoil. 
Plots of these coefficients (see table 11) against geo- 
metric an<rle of attack are <>:iven in figure 0. The geo- 
metric angle of attack a is measured from the mean 
direction of the flow in the tunnel. This direction is 
(hMined as the zero-lift direction of a symmetrical airfoil 
ill the lumiel and was found to be equivalent to 20' of 
upflow. In order to have true section chanichM istics 
(2-diinensional) for comparison with theoretical cal- 
culations, a determination must l)e jnade of the effec- 
tive ancrle of attack, i. e., the ande that the chord of 



where w is the induced normal \ (^hx ity pi-oduced by the 
vortex system of the airfoil, inchuling the tunnel-wall 
interference, and V is the velocity of the undisturbed 
flow. In order to cak-ulate the induced velocity w, 
the distribution of the lift (or circulation) along the 
span of the airfoil must be determined. A theoretical 
method of obtaining this distribution is given in refer- 
ence 4 and, when applied to this problem, gives for 
the induced angle of attack of the midspan section 

a:v= 1.584 Ci 

where Ci is the lift coefficient for the midspan section. 
This lift coefficient is obtained from tlie pressure 






Figure 4.— Copy of sample record. N, leading-edge orifice tube; S, static-pressure tubes; T, trailiag-edge orifice tube; and Z, reference-pressure tubes. 



the model makes with the direction of flow in the region 
of the midspan section of the model. 

The effective angle of attack, corresponding to the 
angle for 2-dimensional flow, is given by 

where at is the angle that the flow in the region of the 
airfoil section makes with the direction of the \mdis- 
turbed flow. The amount of this deviation is small 
and can b(^ cah'ulat(Ml from 

w 



measurements by means of the equation 

Ci=Cn COS a—Cc sin a 
Values of c^, a,, and are given in table IT. 

PRECISION 

The reliability^ of the results of the pressure jueasure- 
ments reported herein inny l)c (hMiM niincd by considera- 
tion of the technique of oblaininu' and nu^asuring the 
pressure records, of the dcxiations of the ])ressure 
diagrams obtained from several tests at the sa nu* angle 
of attack, and of the method of calculating the effective 
angle of attack. 
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The method of ol)tainino: the pressure records is a 
direct, simultaneous, photographic recording of the 
height of the Hquid in the jnanometer tubes. Since 
the pressure coefTlcients used in tJie analysis are ratios 



Normal force 



to become steady and by delaying tlie taking of the 
record at each angle of attack until sullicient time had 
elapsed. As a further check, a zero record was taken 
at tlie (Mid of each test run under the same conditions. 
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Figure 5a.— Experimental and theoretical pressure-distribution diagrams for the N. A. C. A. 4412 airfoil at several angles of attack. 



of (juantities takc^i frojii tlie same record, the primary 
source of error therefore lies in tlie une(|ual dajuping in 
(he tubes connecting the airfoil orifices to the .manom- 
eter. This source of error was minimized by deter- 
mining the time recjuired for the liquid in all the tu])es 



In addition, tlu* tu])es wcmv checked for leaks before 
and after eacii run. In order to minimize any ])ossible 
error in reading the photostatic records (fig. 4) jneasun^- 
ments of the recorded pressures were made independ- 
ently by two persons. The readings were then com- 
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Percent chord 

Figure 5b.— Experimental and theoretical pressure-distribution diagrams for the N. A. C. A. 4412 airfoil at several angles of attack. 
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pared and a compromise was made where differences from several tests at the same angle of attack. Figure 7 

occurred. Tlic differences between any two such presents such diagrams at two angles of attack, —4° 

independent readings rarely exceeded 0.01 inch except and 8°. Tetrabromoethane, because of the larger 

in the case of obvious errors. Possible errors due to deflections, gave more accurate results, which agreed 



-/6r 



Chord force 




-5 



-3 



-I 



-6 



-4 



Nor mo I force 



Chord force 



Experimeni 
Usual theory 
Modified " 



0^=30" 



/G 0 
°ercenf chord 



50 



100 



(c) 



10 



Figure 5c.— Experimental and theoretical pressure-distribution diagrams for the N. A. C. A. 4412 airfoil at several angles of attack. 



shrinkage of the records were avoided ]?v the use of the 
ratio of two pressures obtained from the same record; 
namely, the ratio of the pressure at a wing orifice to 
the dynamic pressure. 

The precision of the measured results is indicated 
by the variations of the pressure diagrams obtained 

71878—36 2 



very closely with the mean values obtained from 
repeated mercury tests, of which the greatest devia- 
tion from the mean values was approximately ±3 per- 
cent of the dynamic pressure. This deviation is not a 
random scattering of points from any given test but is 
a consistent difierence between repeat tests and may 
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l>e partly accoiintod for by a possible small difroronco 
in anp'lo of all tick. Fi^^uro 7 (b) also includes tlie results 
of tests made before and after carefully polisliino; tlie 
midspan section of the model. The change in surface 
smoothness and a sliirht chnnu^^ in fairTK^ss had no dis- 
cernible elVect on the distribution; the dilferences were 



2.4 



20 



16 



0) 



-4 



-.8 













































/ 

X 
























/ 

i- 


























1 








































































V 


















1 






















Cn . 


















L 












F 








\ 




1 






















— ./ 








\ 


y\ 
















r 


X 


1 




1^ 

-+- 


.-+-H 








■- + >. 


- 
















Cttic/ 


t 








•- H 











































































48 



40 



32 



24 



c o 
0 o 



/6 



.08 



-il 



because of the fact that the tips of a rectangular wing 
carry a larger proportion of the load than is indicated 
by the theoretical calculations on which the method is 
based. To make an accurate experimental determina- 
tion of the lift distribution on which to base the induced- 
angle calculations would re(|uire pressure measure- 
ments at several sections along the span, especially 
near the tips. An estimate can be made, however, of 
the possible error in the induced angles of attack given 
herein by comparison of the deduced slopes of the lift 
curve for infinite aspect ratio obtained from these tests 
and from the best force-test data available. Such a 
comparison indicates that the induced angle of attack 
may be approximately two-thirds of the calculated 
values given herein, which would mean a possible error 
of approximately for a lift coefficient of 1. 

It is evident, therefore, that the effective angles of 
attack are subject to a considerable error of uncertain 
magnitude. Apj)roximate possible errors have been 



-J6 



-8 0 8 16 

Angle of attach^ cc, degrees 



24 



Figure 6. - Normal- and chord-force coefficients, and pitching-moment coeflQcicnts 
about the quarter-chord point. The numerical value of Ce should be prefixed by 
a minus sign. 

less than those obtained by repeat tests of the same 
surface. 

The determination of the effective angle of attack 
of the midspan section entails certain assumptions that 
are subject to considerable uncertainty. First, the 
angle of attack of this section may be in error because 
of the assumption that the deviation of the air-stream 
axis from tlu^ tunnel axis is uniform along the span of 
the model; i. e., that the geometric angle of attack a 
is the same for all sections along the span. Actually 
there is some variation of the air-stream direction 
across the tunnel. Because of the interference of the 
support struts, the deflection of the stream in this 
region might reasonably be expected to exceed the 
deflection at the midspan section; hence, the deflection 
at the midspan section is probably less than the effective 
mean value. Furthermore, a zero deflection of the 
stream at tlu^ midspan section would bring the angle 
of zero lift obtained from the pressure tests into agree- 
ment with force-test results. 

A s(M'ond and rather large source of error lies in the 
detejininal ion of the induced angle of attack. The 
method used probably produces erroneous results 
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Percent chord 
-Pressure-distribution diagrams from several tests at two angles of attack. 



estimated and summarized as follows: The values of 
the angles as given may be too large by a constant 
error of approximately because of a possible error 
in the assumed direction of the stream. On the other 
hand, the angles may be too small by approximately 
c,/2°, owing to the error in t he induced-angle calculations. 
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THEORETICAL PRESSURE DISTRIBUTION 

POTENTIAL-FLOW THEORY 

A theoretical detoniiination of the distribution of 
pressure about an airfoil section has been developed 
for potential flow and assumes an ideal fluid that is 



uiined by means of the same transformations. Refer- 
ences 1 and 2 present detailed discussions of the under- 
lying theory and tlie derivation of the necessary equa- 
tions for the calculation of the characteristics of the 
potential field about the airfoil. 




Theoretical pressure 
contours 



potential flow, some angle 
poienfial flow, some lift 
modified flow 





Figure 8.— Pressure-vector diagrams for the N. A. C. A. 4412 airfoil at several angles of attack. 



nonviscous and incompressible. Briefly, the method 
consists of the con formal transformation of the airfoil 
section into a circle. Then, inasmuch as the flow 
about the circle can readily be calculated, the flow 
cliaracteristics about the airfoil section can be deter- 



The general equation for the local velocity about an 
airfoil section in a potential flow as given in reference 1 
is 



^'=F/l:|^si 



sin(0+e+a) + 



(1) 
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where 



^(smhV+sin29)[l+(^J] 



(2) 



V is the velocity of the iindistiirl)ed 
stream. 

a J the angle of attack (2-dimensional). 
r, the circulation. 
6, ip, e, ])nraineters that nrc functions of the 
airfoil coordinates. 
^0, the mean vahic of x//. 
Rz=ae'^o, the radius of the conform al circle 
ahout which the flow is calculahle. 
In order to calculate the velocity field from equation 
(1) the circulation must be evaluated. This evahia- 
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Figure 9— Lift and pitching-moment section characteristics for the N. A. C. A. 

4412 airfoil. 

tion is done by the use of the Kutta condition, which 
requires that the velocity at the traihng edge (^=7r) be 
zero so that equation (1) becomes 



v=Vk [sin ((9 + e + a) + sin (a + € r) ] 



(la) 



where is the value of e at ^=7r (trailing edge). 

The angle of zero lift is equal to —dr- 
The necessai-y equations and a step-by-step description 
of the calculation of the velocity field are given later. 
The pressure coefficients are computed by means of 
Bernoulli's equation, 



(3) 



where j) is the pressure at the airfoil surface and p 8 
tlie pressure of the free stream. 

COMPARISON OF THEORY AND EXPERIMENT 

The theoretical distributions of pressure have been 
calculated for the 2-dimensional angles of attack corre- 
sponding to the measured distributions on the N. A. 
C. A. 4412 airfoil. Comparisons of the calculated and 
measured distributions are presented in figure 5 (ex- 
cluding the diagrams after the airfoil has stalled) and 
in figure 8. Figure 5 presents the usual normal- and 
chord-component pressure diagrams and provides a 
means for a general study of the differences between 
the theory and experiment as a function of angle of 
attack. Figure 8 provides a more detailed study at a 
few angles of attack and presents vector diagrams for 
the angles of -8°, -4°, 2°, 8°, and 16°. These dia- 
grams were obtained by plotting the pressure coefficients 
noi:mal to the airfoil profile; the perpendicular distance 
from the profile line represents the magnitude of the 
coefficient. The experimental pressures are represented 
by the drawn vectors and the theoretical pressures by 
the solid contour line. The other contour lines repre- 
sent certain modified calculations to be discussed later. 

It is immediately evident that the theoretical results 
do not satisfactorily agree with the actual measure- 
ments except for angles of attack near —8°, correspond- 
ing approximately to the angle at which the experi- 
mental and theoretical lifts are the same (fig. 9). The 
comparisons in figure 5 show, moreover, that with in- 
creasing angle of attack the differences between theory 
and experiment become larger as predicted by the 
higher slope of the theoretical lift curve. A detailed 
study of the vector diagrams (fig. 8) shows how these 
differences vary around the profile of the airfoil. The 
largest differences occur in the regions of low pressures, 
or the high-velocity areas, and as previously stated they 
increase with increasing angle of attack. Furthermore, 
the percentage difference in pressure is larger near the 
trailing edge than in the region of the nose, indicating a 
progressive influence on the flow as it moves over the 
airfoil surface. 

The effect of these differences in the pressure distri- 
bution on the pitching-moment characteristics is shown 
in figure 9. The theoretical pitching moment about 
the quarter-chord point was obtained by integrating 
theoretical pressure diagrams. The results show an in- 
creasing diving moment with increasing angle of attack, 
whereas the diving moment actually decreases. 

The comparisons have thus far been made at the 
same relative angle of attack, that is, for the angle of 
attack in 2-dimensionaI flow. Another condition of 
comparison that has been used more or less regularly 
in previous studies is suggested; it allows a comparison 
at the same lift and consists in comparing the theo- 
retical distribution calculated at an angle of attack 
that gives a theoretical lift equal to the experimental 
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value. This method has been used for the diagrams 
in figure 8 and the distributions thus calculated are 
represented thereon by the long-and-short-dash con- 
tour lines. Again the differences are too large to be 
neglected, especially at angles of attack where a large 
lift is obtained. At —8° the curve coincides with the 
previously described contour, since the angle and the 
lift are the same, while at —4° the distribution cal- 
culated on the basis of the same lift is approximately 
the same as the dashed contour representing a third 
calculation presented herein. At the higher angles of 
attack the calculated distributions depart progres- 
sively in shape from the measured distributions. It 
may therefore be concluded that, on the basis of these 
comparisons, the usual calculations from the potential 
theory do not give an accurate determination of the 
distribution of pressure about an airfoil. 

The inaccurate prediction of the forces on an airfoil 
by the usual potential-flow theory is not surprising 
since the theory neglects the friction al force of the 
viscuous fluid acting on the airfoil. The direct effect 
of this force, which acts tangential to the direction of 
the local flow, is important only on the drag and 
contributes what is known as the '^skin-friction'^ drag. 
Because of the small magnitude and the direction of 
this force, the component in the direction of the lift is 
probably negligible, the lift being determined en- 
tirely by the pressure forces. The indirect effect, how- 
ever, of this friction force is the deceleration of the au' 
in a thin layer near the surface of the airfoil and the 
production of the so-called ' 'boundary-layer" phe- 
nomena, which are important in the development of 
lift by an airfoil. In the boundary layer the velocity 
changes rapidly from zero at the surface of the airfoil 
to the value of the local stream velocity at the outer 
Hmit of the layer. The loss of energy involved in over- 
coming the friction forces results in a cumulation of 
slowly moving air as the flow moves hnvk along the 
airfoil; hence the boundary -layer thickness increases 
toward the trailing edge. This cumulative eflfect is 
indicated by the progressive increase in the difl'erences 
between the theoretical and measured pressures. 

From this discussion it is not to be presumed that 
agreement between the measured and calculated results 
should occur at zero lift, except api)roxiniately for a 
symmetrical airfoil section. The velocity distributions 
over the upper and lower siu'faces of an asymmetrical 
section are not the same, even at zero lift. The viscous 
eft'ects on the flow over the two surfaces at the calcu- 
lated angle of zero lift are therefore different and a lift 
is measured, which is negative for most sections. 
Actually, then, the experimental and theoretical angles 
of zero lift are not the same and for normal sections 
the two lift curves intersect at a negative value of the 
lift coefficient. 

Outside the boundary layer the viscous forces can 
probably be considered negligible and the flow a I 



potential one; probably the pressures may also be 
considered as being transmitted undiminished through 
the thin boundary layer. The actual flow might there- 
fore be replaced by a potential flow about a shape 
slightly different from that defined by the airfoil 
coordinates, which would require the determination of 
the boundary-layer thickness to define the effective 
profile shape. The pressure about the new shape could 
then be computed by the potential theory. Boundary- 
layer calculations, however, are at present subject to 
uncertainties that would cast doubt on the validity 
of the results and, in addition, the computations are 
difficult and tedious. 

MODIFIED THEORETICAL CALCULATIONS 

A simpler and more practical method of calculating 
the pressure over an airfoil section has been developed 
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Figure 10.— Effect of an arbitrary reduction of tho circulation on the calculated 
pressure distribution. 

as a result of the foregoing analysis. The analysis 
shows that theoretical distributions calculated at the 
true angle of attack are similar in shape to the true 
distributions but give too high a lift. Conversely, 
when the theoretical distributions are calculated at an 
angle of attack that gives the same lift as the experi- 
mental distribution, the two distributions are dissimilar 
in shape. 

The modified calculation is made at the effective 
angle of attack but the circulation is determined from 
the experimentally measured lift instead of by the 
Kutta-Joukowsky method. The preliminary calcula- 
tions made on this basis resulted in an excessive velocity 
and a consequent high suction pressure at the trailing 
edge, as shown in figure 10. This unsatisfactory result 
(shown by the dot-dash line in fig. 10) was finally 
avoided by means of a further modification subsequently 
described. 
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Since a chancre in the oflective profile shape has been 
predicted by boundary-layer considerations, an arbi- 
trary modification of the shape parameter e is made so 
that the velocity becomes zero at 6=t. (See equation 
(1).) The shape is tluis altered to satisfy iiixniu the 
Kutta-Joukowsky condition. In order to maintain the 
continuity of the e curve, a study has been made of the 
manner in which e should be modified. The indicated 
cumulative effects of the viscous forces toward the 
trailing edge show that most of the change in e should 



tions obtained by means of the mocHfied calculations 
are given by the dashed lines. The relative merit of 
the unaltered potential theory and the modified method 
for the calculation of the pressure distribution about nn 
airfoil section is shown in figures 5, 8, and 9. 

The following step-by-step description of the com|)u- 
tations required to obtain the calculated pressure (hs- 
tribution is given in sufficient detail to enable the calcu- 
lations for any airfoil to be made. The local velocity 
about the airfoil is computed by means of equation (1) 




Figure 11— Theoretical parameters re(iiiired to compute the theoretical pressures on the N. A. C. A, 4412 airfoil. 



])'"()bah)y h(^ made in that region. Inasniuch as the 
effect of changing e is not critical for different dis- 
tributions of the change, provided that most of the 
change is made near the trailing edge of the airfoil, a 
purely arbitrary distribution is chosen that permits 
ready application, namely, a sinusoidal variation witli^. 

The e curve and subsequently the other parameters 
must be modified for each angle of attack. This modi- 
fication has been mack^ and the corresponding pressure 
distributions determined for several angles of attack. 
(See figs. 5 and 8.) At — 8"" the distribution is the 
same as that shown by the solid line representing the 
unaltered theory. In the otlier diagrams the distribu- 



nKxhficd as indicated l)y the preceding discussion. The 
detailed forms of the modifications are introduced as 
they appear in the course of routine computations. 

In order that the transformation from the airfoil to 
its conformal circle may be of a convenient form, the 
coordinate axes are selected so that the profile is as 
nearly as possible symmetrical about them. (See refer- 
ence 1.) The X axis is chosen as the line joining the 
centers of the leading- and trailing-edge radii. The 
origin is located midway between a point bisecting 
the distance from the leading edge to the center for 
the leading-edge radius and the corresponding point 
at the trailing edge; the coordinates of these points are 
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respectively (2a, 0) and (—2a, 0). In the following 
discussion the coordinate scale has been chosen so that 
(I is unity. (For practical pur|)oses it is pr()l)a])ly suffi- 
cient to choose the chord joining the extremities of the 
mean line as the / axis.) 

The following equations express the relationship 
between the airfoil coordinates previously described 
and the j)anuneters dnndxl/. 



x=2 cosh x// cos d 
y=2 sinh \// sin 0 



(4) 



In order to coni])ute values of 6 corresponding to any 
given point on the airfoil pi-ofilc, ccpuitions (4) are 
solved for sin-'^. 



(5) 



where 



A similar sohilion for sinhV <'«'i'^ obtain(»(l but 

experience has shown that a more usable sohition is 
given bv tlie equation l^elow 



sinh ^ = o^^^ /3 
2 sin d 



(CV) 



A plot of yp as a fimction of 6 for the N. A. C. A. 4412 
airfoil is given in figure 1 1 . The function xj/Q is given by 



1 f 2,r 



and can be determined graphically from the \p curve or 
by a numerical evaluation. The value of i/^o for the 
N. A. C. A. 4412 airfoil is 

1^0=0.1044 

The j)ara meter e as a function of 0 is given iry the 
definite integral, 



1 C'' . J-e„,^ 

ZttJ (, J 



(7) 



wliere the subscript,, refers to the particular value of 
d for which the corresponding value of e is to be deter- 
mined. A 20-point numerical evaluation of this inte- 
gral is derived in reference 1 and is included here for 
convenience. The integral is evaluated at 20 equal 
interval values of B, namely, 

^0 = 0 = ^_2o 

Ooct = 2 TT =^ On 



Tho vahi(> of e at ^,1 = ^ is given by tbe following 
equation. 

•-":[u,('2).+'' <*■•■-*-> 

+ 0.494 (^„+2-^«-2) 
+ 0.818 
+ 0.217 

+ 0.158 (8) 

+ 0.115 

+0.0804 

+ 0.0511 

+ 0.0251 

w1hm(^ (be subscripts designate the particuhir 6 at which 
tb(^ nanuMl (piantity is taken. A ])lot of e as a function 
of 0 for the N. A. C A. 4412 airfoil is given in figure 
11. Tbus fai" tbe calculations are identical with tbose 
made for tlu^ pol(Mi(ial tbeory. 

As stated in tlu^ discussion of tlu^ modilied theoretical 
calculations, tbe circulation is evaluated by the experi- 
mentally known lift of tbe airfoil section. The well- 
known equation relating the lift and the circulation is 

L=pVr 

Also by definition 

Expressing the circulation in terms of the lift coefficient, 

r = 



cV 



and fin a 



Subs 
4412 



(9) 



lU' the 



rical va 



!ucs for the N. A. C. A. 



iwRV 6.915^' 



(9a) 



Th(^ prediction of unreasonable velocities around the 
trailing edge is avoided by altering the e function so 
that the velocity is /ei'o at d = T. The altered function 
is designated e„ and is arbitrarily assumed to be given 

by 

6a = 6 + ^(l-COS 6) (10) 

where Aer is the increment of e recjuired to give zero 
velocity at ^=7r and is a function of the angle of attack. 
The quantity Ae^ is given by 



where eay, is determined by equating equation (1) to 
zero and substituting from equation (9). 



sin (TT + a + ea^O+^^C/- 



^0 



Solving for e,,^, gives. 



87ri?' 
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The parameters e and are conjugate functions of 6, 
and \l/ is given by 

^n=2^J^ ecot-^V^+^o 

where the definite integral can be evaluated in the 
same manner as equation (7). The coordinates of the 
profile corresponding to the modified e function can be 
obtained from the new \p function by equations (4)- 
Figure 12 gives the modified shape obtained by this 
method for theN. A. C. A. 4412 airfoil at a=:8° and 16°. 

The profiles given in figure 12 are, of course, only 
effective profiles corresponding to the calculations. 
The actual profile about which a potential flow might 
be considered as being established would be blunt at 
the trailing edge and would have the thickness of the 
wake at that point. The thickness of the boundary 
layer on the upper surface, however, is greater than 
that on the lower surface; therefore, if the trailing edge 
were taken as the midpoint of the wake and the after 
portion of the profile were faired to that point, the 




N.A.C.A. 



Figure 12.— Change in profile shape associated with the modified theoretical calcu- 
lation of pressure. 

resulting shape would be similar to the effective 
profiles in figure 12. 

The influence of the changes in \^ on the value of k 
are found to be negligible so that may be written 



where 



Differentiating equation (10) 



^(sinhV+sin^e)[l+(^y] 



Plots of ^ and ¥ as functions of Q for the N. A. C. A. 

4412 airfoil are given in figure 11. Equation (1) for 
the velocity at any point on the airfoil profile is now 
written 

z;=FA'«[sin + (lb) 

The generality of the preceding method of cal- 
culating the pressure distribution about an airfoil 
section is supported by the following evidence. P'irst, 
no restricting assumptions have been made in the 
development of the method. Second, the circulation 
is determined by a known quantity, the experimentally 
measured lift. Third, the change in the efl'octive air- 
foil shape is in the direction indicated by boundary- 
layer considerations. Finally, the computed and meas- 
ured pressures agree satisfactorily. 



Langley Memorial Aeronautical Laboratory, 
National Advisory Committee for Aeronautics, 
Langley Field, Va., March 25, 1936. 
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Table L— EXPERIMENTAL DATA— N. A. C. A. 4412 AIRFOIL 



[Average pressure (standard atmospheres): 21; average Reynolds Number: 3,100,000] 
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—6. 073 


—3. 695 


—2. 382 


41 


Q 


. 68 


~^ 


178 


— 1. 549 


—2. 625 


— . 538 


. 184 


. 681 


.945 


1. 010 




854 




473 


— 1.000 


—3. 250 


—6. 230 


—7. 775 


—8. 941 


—5. 660 


—3. 730 


12 


. 44 


1! 56 




322 


. 231 


—.043 


. 765 


.955 


.994 


. 948 


'. 720 




336 




202 


—1. 740 


—3. 738 


—5. 961 


—7. 125 


—7. 954 


—4. 698 


—2. 552 


42 


'. 94 


2. 16 




739 


. 720 


. 596 


. 974 


1. 009 


.939 


. 770 


. 468 




055 




456 


— L 793 


—3. 399 


-5. 210 


— 6. 110 


—6. 681 


—3. 881 


—2. 006 


13 


1! 70 


2. 78 




928 


.935 


.883 


1. 000 


.939 


.782 


. 569 


. 246 




148 




611 


— 1! 743 


—3. 053 


—4. 478 


— 5. 190 


—5. 620 


—3. 010 


—1. 249 


43 


2*. 94 


3. 64 




987 


1. 000 


. 974 


. 896 


. 761 


. 559 


.332 


.018 




336 




728 


— 1. 647 


—2. 637 


—3. 765 


—4. 285 


—4. 562 


—2. 200 


—.786 


14 


4 90 


4! 68 




922 


.935 


. 896 


. 713 


. 542 


. 333 


. 110 


—'. 179 




485 




813 


— 1! 547 


—2. 343 


-3. 190 


—3. 570 


—3. 731 


— 1. 529 


— . 696 


44 


7. 50 


6. 74 




804 


. 798 


. 752 


.498 


. 344 


, 139 


—.066 


—'. 312 




568 




831 


—1^432 


—2. 057 


—2. 709 


—2. 981 


—3. 060 


— 1. 235 


— . 644 


15 


9 96 


6 56 




687 


. 687 


. 622 


. 374 


. 208 


.017 


— . 168 


— . 388 




623 




872 


— 1. 391 


— 1. 912 


—2. 440 


—2. 662 


—2. 681 


— 1. 059 


—.630 


45 


12 58 


7'. 34 




583 


.576 


. 498 


. 263 


!089 


— !o91 


— 271 


—'. 468 




676 




899 


— 1. 350 


— L802 


-2. 240 


— 2. 415 


—2. 382 


— 1. 007 


— . 611 


16 


14'. 92 


7.88 




498 


.485 


. 407 


. 178 


.014 


-. 152 


-.309 


-.500 




700 




912 


-1'. 308 


-1. 769 


-2. 149 


— 2. 285 


—2. 180 


— - 955 


— . 604 


46 


17. 44 


8. 40 




414 


. 407 


. 329 


. 100 


-.052 


-.210 


-.360 


-.537 




721 




910 


-1. 272 


-1. 620 


-1. 952 


— 2. 062 


— 1. 984 


— . 910 


— . 604 


17 


19.96 


8. 80 




335 


. 335 


. 257 


. 036 


-. Ill 


-.262 


-.402 


-.568 




740 




914 


-1.239 


-1.548 


-1.841 


— 1. 927 


— 1. 815 


— . 870 


— . 598 


47 


22. 44 


9.16 




263 


. 257 


. 172 


— . 024 


-.176 


-.322 


-.452 


-.609 




769 




930 


-1. 224 


-1.502 


-1.758 


— 1. 822 


— 1. 685 


— . 851 


— . 691 


18 


24. 92 


9. 52 




212 


. 211 


. 140 


— . 063 


-.196 


-. 332 


-.454 


-. 599 




746 




895 


-1. 163 


-1.418 


-1.640 


— 1, 692 


— 1. 592 


— . 825 


— . 591 


48 


27.44 


9. 62 




166 


.165 


.100 


-.096 


-.228 


-.355 


-.471 


-.606 




742 




881 


-1. 122 


-1.347 


-1.535 


-1. 573 


-1. 391 


-.812 


-. 591 


19 


29.88 


9. 76 




114 


. 133 


. 068 


— . 114 


-. 241 


-.364 


469 


-. 594 




722 




851 


-1.071 


-1. 280 


-1.438 


—1. 463 


— 1. 254 


—.786 


— . 691 


49 


34. 98 


9.90 




036 


!055 


!009 


-.154 


-. 275 


-.381 


-.473 


-. 596 




693 




804 


-.982 


-1. 144 


-1.269 


-1. 255 


-1.005 


-.760 


-!591 


20 


39.90 


9.84 




017 


.009 


-.030 


-.173 


-.272 


-.370 


-.447 


-.542 




635 




732 


-.880 


-1.007 


-1. 099 


-1.059 


-. 798 


-.727 


-.584 


50 


44.80 


9.64 




095 


-.044 


-. 069 


-. 194 


-.291 


-.371 


-. 439 


-.519 




6J9 




691 


-.809 


-.902 


-.961 


-.910 


-.655 


-.720 


-. 591 


21 


49.92 


9. 22 




121 


-.056 


-.075 


-. 173 


-.256 


-.329 


-. 389 


-.455 




525 




595 


-.690 


-. 759 


-.786 


-.734 


-. 538 


-.715 


- 591 


51 


54. 92 


8. 76 




147 


-.069 


-.075 


-. 161 


-.238 


-.303 


-.351 


-.406 




471 




527 


-.601 


-.649 


-.649 


-.584 


-.473 


-.700 


-. 591 


22 


59. 94 


8. 16 




199 


-. 101 


-. 095 


-. 161 


-.244 


-.298 


-.342 


-. 391 




438 




487 


-.541 


-.576 


-.551 


-.460 


-.414 


-. 695 


-.691 


52 


64.90 


7.54 




225 


-.108 


-.082 


-. 128 


-.214 


-.264 


-.296 


-.334 




378 




421 


-.456 


-.460 


-.414 


-.343 


-.369 


-.688 


-.591 


23 


69. 86 


6. 76 




252 


-.121 


-.082 


-. 115 


-. 181 


-.225 


-. 250 


-.282 




319 




351 


-.371 


-.375 


-.316 


-. 264 


-.337 


-.682 


-.684 


24 


74.90 


5.88 




277 


-. 128 


-.056 


-.082 


-. 148 


-. 183 


-.200 


-.222 




252 




279 


-. 285 


-.264 


-.212 


-.212 


-.310 


-.655 


-.584 


53 


79. 92 


4. 92 




297 


-. 147 


-. 069 


-.076 


-. 115 


-. 144 


-. 155 


-. 169 




191 




210 


-. 199 


-. 180 


-.147 


173 


-.291 


-.642 


-.578 


25 


84.88 


3.88 




330 


-. 154 


-.024 


-.024 


-.068 


-.091 


-.094 


-. 101 




116 




113 


-. 106 


-.082 


-.082 


-. 140 


-.271 


-.604 


-.565 


54 


89.88 


2. 74 




356 


-. 161 


.022 


.028 


-.006 


-.019 


-.016 


-.017 




026 




032 


-.009 


-.004 


-.043 


-. 114 


-.246 


-.565 


-.562 


26 


94.90 


1.48 




388 


-. 174 


.075 


.100 


.073 


.069 


.078 


.082 




076 




070 


.079 


.062 


-.016 


-.095 


-. 226 


-.519 


-.519 


27 


98.00 


.68 




434 


-.200 


. 127 


.165 


. 141 


. 139 


. 147 


. 150 




143 




127 


.120 


.088 


-. 004 


-.075 


-.200 


479 


-.606 


28 


100.00 


0 











































1 Test, variable-density tunnel 1098; manometer liquid, mercury. 2 Test, variable-density tunnel 1099-4; manometer liquid, tetrabromoethane. 



Table II.— INTEGRATED AND DERIVED CHARAC- 
TERISTICS— N. A. C. A. 4412 AIRFOIL 



a 




Ce 




Cl 


at 




Degrees 










Degrees 


Degrees 


-20 


-0. 592 


0. 0318 


0. 030 


-0. 545 


-0.9 


-19.1 


-16 


-.767 


-.0170 


.036 


-.742 


-1.2 


-14.8 


-12 


-.722 


-.1264 


-.092 


-.732 


-1.2 


-10.8 


-8 


-.372 


-.0445 


-.096 


-.374 


-.6 


-7.4 


-6 


-.210 


-.0161 


-.096 


-.211 


-.3 


-6.7 


-4 


-.0256 


.0043 


-.095 


-. 0255 


-.0 


-4.0 


-2 


. 146 


.0107 


-.092 


. 146 


.2 


-2.2 


0 


.338 


.0098 


-.091 


.338 


.6 


-.5 


2 


.501 


-.0034 


-.087 


.501 


.8 


1.2 


4 


.677 


-. 0258 


-.087 


.677 


1. 1 


2.9 


8 


1.020 


-.1003 


-.084 


1.024 


1.6 


6.4 


12 


1.275 


-.2043 


-.074 


1.289 


2.0 


10.0 


16 


1.548 


-. 3357 


-.068 


1.579 


2.6 


13.5 


18 


1.626 


-. 4040 


-.063 


1.671 


2.6 


15.4 


20 


1.640 


-. 4374 


-.080 


1.690 


2.7 


17.3 


24 


1.212 


-.1838 


-.141 


1. 182 


1.9 


22.1 


30 


1.009 


-. 0776 


-.146 


.913 


1.4 


28.6 
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Table III.— THEORETICAL PARAMETERS— N. A. C. A. 4412 AIRFOIL 



station 


Ordinate 
















Ordinate 








d 






(percent 


(percent 


X 




y 


e_ 






(percent 


X 




y 








c) 


0 








ir 








c) 








IT 






Upper surface 


Lower surface 






2.032 










deg. 


Tfiin. 














deg. min. 






0 




0 


0.178 


-4 


10 




2.032 


0 




0 


0.178 


-4 10 


0 


0. 62 


2.031 


0121 


.007 


~2 


4 


0 


2.031 




0129 


-.012 


-6 20 


.25 


1.25 


2.021 




0375 


.034 




2 


1 


-.60 


2.021 




0371 


-.034 




-10 49 


.5 


1.64 


2. Oil 




0532 


.046 




4 


35 
48 


-.88 


2. on 




0484 


-.043 




-12 52 


1.25 


2. 44 


1.981 




0855 


.073 


.186 


9 


-1.43 


1.980 




0706 


-.069 


.162 


-18 1 


2.5 


3. 39 


1.931 




1239 


. 103 


.194 


15 


29 


-1.95 


1.930 




0916 


-.098 


.151 


-23 48 


5 


4 73 


1.830 




1784 


. 146 


.201 


23 


48 


-2. 49 


1.829 




1130 


-.140 


.133 


-31 47 


7.5 


5. 76 


1.730 




2203 


. 179 


.205 


30 


19 


-2. 74 


1.729 




1227 


-.172 


.119 


-37 39 


JO 


6. 59 


1.629 




2542 


.207 


.208 


35 


58 


-2. 86 


1.628 




1271 


-.200 


.108 


-42 36 


15 


7.89 


1.427 




3075 


.254 


.213 


45 


25 


-2.88 


1.426 




1271 


-.249 


.090 


-51 11 


20 


8. 80 


1.225 




3446 


.296 


.213 


53 


56 


-2. 74 


1.224 




1210 


-.292 


.076 


-58 32 


25 


9.41 


1.024 




3696 


.333 


.211 


61 


26 


-2. 50 


1.023 




1110 


-.330 


.064 


-65 2 


30 


9. 76 


.824 




3845 


.369 


.208 


68 


32 


-2. 26 


.820 




1005 


-.366 


.055 


-71 6 


40 


9.80 


.418 




3873 


.435 


. 197 


81 


42 


-1.80 


.417 




0807 


-.435 


.041 


-82 47 


50 


9. 19 


.0149 




3640 


.500 


.181 


94 


32 


-1.40 


.0137 




0633 


-.500 


.030 


-93 45 


60 


8. 14 


-. 389 




3229 


.560 


.163 


106 


11 


-1.00 


-.390 




0460 


-.560 


.023 


-103 50 


70 


6.69 


-.792 




2655 


.628 


.143 


119 


0 


-.65 


-.793 




0307 


-. 629 


.017 


-115 12 


80 


4.89 


-1. 196 




1940 


.702 


. 121 


132 


48 


-.39 


-1. 197 




0190 


-.704 


.012 


-127 32 


85 


3.83 


-1.398 




1518 


. 745 


. 106 


140 


32 


-.30 


-1.398 




0149 


-.746 


.010 


-134 28 


90 


2.71 


-1.600 




1074 


.793 


.089 


149 


23 


-.22 


-1.600 




0109 


-.795 


.009 


-142 25 


95 


1.47 


-1.802 




0577 


.855 


.065 


159 


56 


-. 16 


-1.802 




0081 


-. 856 


.009 


-152 31 


98 


.68 


-1.924 




0262 


.910 


.047 


169 


18 


-. 14 


-1.924 




0069 


-.912 


.012 


-161 34 


100 


. 13 


-2. 003 


0' 




1.000 


.025 


184 


3 


-. 13 


-2.003 




0013 


-1.000 


.025 


-175 57 



TABLE IV.— THEORETICAL PARAMETERS— N. A. C. A. 
4412 AIRFOIL 



d 




d4^ 




6 


d e 


IT 




de 






de 


0 


0. 1780 


0 


6.201 


-0. 0727 


0. 0600 


. 1 


. 1924 


.0611 


3.041 


-.0548 


. 0755 


.2 


.2082 


.0395 


1.777 


-.0258 


. 1135 


.3 


.2128 


-.0116 


1.326 


.0120 


. 1220 


. 4 


.2035 


-. 0527 


1. 139 


.0492 


. 1095 


.5 


.1806 


-. 0866 


1.088 


.0797 


. mK) 


.6 


. 1519 


-. 0942 


1. 147 


. 1002 


.0515 




. 1214 


-. 1028 


1.350 


. 1087 


. 0230 


!8 


.0863 


-. 1166 


1.856 


. 1 109 


-.0130 


.9 


. 0501 


-. 1016 


3. 528 


.0975 


-.0720 


1.0 


.0250 


-. 0590 




.0706 


-.0960 


1. 1 


.0118 


-.0249 


3.589 


. 0403 


-.0970 


1.2 


.0088 


.0020 


1.887 


.0115 


-.0925 


1.3 


.0120 


.0169 


1.372 


-.0153 


-.0860 


1.4 


.0192 


.0284 


1. 167 


-.0385 


-. 0785 


1.5 


.0302 


.0434 


1. 109 


-.0612 


-.0720 


1.6 


.0470 


.0661 


1. 163 


-.0837 


-.0640 


1.7 


.0736 


.0976 


1.361 


-. 1029 


-. 0505 


1.8 


. 1080 


.1211 


1.845 


-. 1126 


-.0210 


1.9 


. 1488 


. 1361 


3. 205 


-. 1070 


.0640 


2.0 


. 1780 


0 


6.201 


-.0727 


.0600 
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